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ABSTRACT
We evaluate the redshift distribution of binary black hole (BBH), black hole – neutron star
binary (BHNS) and binary neutron star (BNS) mergers, exploring the main sources of un-
certainty: star formation rate (SFR) density, metallicity evolution, common envelope, mass
transfer via Roche lobe overflow, natal kicks, core-collapse supernova model and initial mass
function. Among binary evolution processes, uncertainties on common envelope ejection have
a major impact: the local merger rate density of BNSs varies from ∼ 103 to ∼ 20 Gpc−3 yr−1
if we change the common envelope efficiency parameter from αCE = 7 to 0.5, while the local
merger rates of BBHs and BHNSs vary by a factor of ∼ 2−3. The BBHmerger rate changes by
one order of magnitude, when 1σ uncertainties on metallicity evolution are taken into account.
In contrast, the BNS merger rate is almost insensitive to metallicity. Hence, BNSs are the ideal
test bed to put constraints on uncertain binary evolution processes, such as common envelope
and natal kicks. Our BNS models match the cosmic merger rate inferred from LIGO – Virgo
data only for large values of αCE (≥ 3) and only if the magnitude of natal kicks scales with the
mass of the ejecta.
Key words: gravitational waves – stars: black holes – stars: neutron – binaries: general –
galaxies: star formation – cosmology: miscellaneous
1 INTRODUCTION
Gravitational-wave observations have given us an insight to the
merger rate density of binary compact objects in the local Uni-
verse (Abadie et al. 2010; Abbott et al. 2016b,c,a, 2019a,b). Based
on the results of the first (O1) and the second observing run
(O2), the LIGO-Virgo collaboration (LVC) has inferred a local
merger rate density RBBH ∼ 24 − 140 Gpc−3 yr−1 and RBHNS <
610 Gpc−3 yr−1 for binary black holes (BBHs) and black hole –
neutron star binaries (BHNSs), respectively (Abbott et al. 2019a,b).
The two published binary neutron star (BNS) mergers, GW170817
(Abbott et al. 2017a,b) and GW190425 (Abbott et al. 2020b), lead
to a BNS local merger rate density RBNS = 250−2810Gpc−3 yr−1
(Abbott et al. 2020b).
Besides GW190425, the LVC has published two additional
events from the third observing run (O3): GW190412 (Abbott et al.
2020a) and GW190814 (Abbott et al. 2020c), while more than 50
public event candidates are currently being analysed1. Hence, we
? E-mail: filippo.santoliquido@phd.unipd.it
1 https://gracedb.ligo.org/
expect that tens of new events will be published as a result of O3,
further constraining the merger rate density as a function of redshift
(Fishbach et al. 2018; Vitale et al. 2019; Callister et al. 2020).
Moreover, the target sensitivity of third-generation ground-
based gravitational-wave interferometers, namely the Einstein Tele-
scope in Europe and Cosmic Explorer in the US, will allow us to
observe BBH mergers up to z & 10 and BNS mergers up to z & 2
(Punturo et al. 2010; Reitze et al. 2019; Kalogera et al. 2019; Mag-
giore et al. 2020). This will make possible to fully reconstruct the
evolution of the merger rate with redshift, opening new perspectives
on the study of binary compact objects.
From a theoretical perspective, several studies attempt to pre-
dict the cosmic merger rate evolution, based on either cosmologi-
cal simulations (Lamberts et al. 2016, 2018; O’Shaughnessy et al.
2017; Schneider et al. 2017; Mapelli et al. 2017; Mapelli & Gia-
cobbo 2018; Mapelli et al. 2018, 2019; Toffano et al. 2019; Artale
et al. 2019, 2020; Graziani et al. 2020) or semi-analytical models
(O’Shaughnessy et al. 2010; Dominik et al. 2013, 2015; Belczynski
et al. 2016; Eldridge & Stanway 2016; Giacobbo & Mapelli 2018,
2020; Boco et al. 2019; Eldridge et al. 2019; Baibhav et al. 2019;
Neijssel et al. 2019; Vitale et al. 2019; Tang et al. 2020).
© 2020 The Authors
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Overall, our current understanding of the merger rate evolution
is hampered by large uncertainties. On the one hand, our knowledge
of the cosmic star formation rate (SFR) (e.g., Madau & Dickinson
2014; Madau & Fragos 2017), and the metallicity evolution of stars
(e.g. Maiolino et al. 2008; Rafelski et al. 2012; Madau & Dickinson
2014; Maiolino & Mannucci 2018; De Cia et al. 2018; Chruslinska
et al. 2019, 2020) are affected by a number of observational un-
certainties. On the other hand, the very process of binary compact
object formation is still matter of debate (see, e.g. Mandel & Farmer
2018 and Mapelli 2018 for two recent reviews).
Several formation channels have been proposed for binary
compact objects: binary evolution via common envelope (e.g., Tu-
tukov & Yungelson 1973; Bethe & Brown 1998; Portegies Zwart
& Yungelson 1998; Belczynski et al. 2002, 2008; Voss & Tauris
2003; Podsiadlowski et al. 2004; Belczynski et al. 2016; Eldridge
& Stanway 2016; Stevenson et al. 2017; Giacobbo &Mapelli 2018;
Kruckow et al. 2018; Vigna-Gómez et al. 2018; Spera et al. 2019;
Tanikawa et al. 2020) or via chemical mixing (e.g., Marchant et al.
2016; de Mink &Mandel 2016; Mandel & de Mink 2016), dynami-
cal evolution in triples (e.g., Antonini & Rasio 2016; Antonini et al.
2017; Arca-Sedda et al. 2018; Fragione & Loeb 2019), in young
star clusters (e.g., Banerjee et al. 2010; Ziosi et al. 2014; Mapelli
2016; Banerjee 2017, 2020; Kumamoto et al. 2019; Di Carlo et al.
2019, 2020; Rastello et al. 2020), in globular clusters (e.g., Porte-
gies Zwart & McMillan 2000; Downing et al. 2010; Rodriguez
et al. 2015, 2016; Rodriguez & Loeb 2018a; Samsing et al. 2014;
Askar et al. 2017; Samsing 2018; Fragione & Kocsis 2018; Zevin
et al. 2019; Fragione & Silk 2020; Antonini & Gieles 2020) and in
galactic nuclei (e.g., O’Leary et al. 2009; Miller & Lauburg 2009;
McKernan et al. 2012, 2018; Antonini & Rasio 2016; Bartos et al.
2017; Stone et al. 2017; Rasskazov & Kocsis 2019; Arca Sedda
et al. 2020; Arca Sedda 2020; Yang et al. 2019; Tagawa et al. 2019).
Each of these formation channels will likely leave an imprint on
the evolution of the merger rate density with redshift (e.g. Dominik
et al. 2013, 2015; Mapelli et al. 2017; Mapelli & Giacobbo 2018;
Rodriguez & Loeb 2018b; Choksi et al. 2018, 2019; Eldridge et al.
2019; Yang et al. 2019; Kumamoto et al. 2020; du Buisson et al.
2020; Mapelli et al. 2020a; Santoliquido et al. 2020). In particular,
the merger rate of BBHs can be dramatically affected by dynam-
ics, because of BH masses favouring dynamical exchanges (Hills &
Fullerton 1980).
Even if we restrict our attention to just one possible formation
channel, we are faced with major uncertainties. For example, we do
not have a satisfactory picture of the process of common envelope.
Most population-synthesis models describe it through a free param-
eter, αCE, which was originally meant to indicate the fraction of
orbital energy that is transferred to the envelope (Webbink 1984).
According to its original definition, αCE should assume only values
≤ 1 and still theoretical models suggest that values of αCE ∼ 5
better describe the formation of BNSs (e.g., Mapelli & Giacobbo
2018; Fragos et al. 2019; Giacobbo & Mapelli 2020).
Here, we focus on the formation of binary compact objects
in isolation, through common envelope evolution, and we inves-
tigate all the main sources of uncertainty that affect the merger
rate density evolution. In particular, we account for uncertainties
on the cosmic SFR, metallicity evolution, common envelope (by
varying the αCE parameter over more than one order of magnitude),
natal kicks, core-collapse supernova (SN) models, mass transfer ef-
ficiency and on the slope of the initial mass function. We use the
cosmoRate code (Santoliquido et al. 2020), a semi-analytic code
that combines information on cosmic SFR and metallicity evolu-
tion with catalogues of binary compact objects obtained via binary
population-synthesis. cosmoRate is computationally optimised to
extensively probe the parameter space.
2 METHODS
2.1 Population synthesis
The catalogues of isolated merging compact binaries have been
generatedwith our population-synthesis codemobse2 (Mapelli et al.
2017; Giacobbo et al. 2018; Giacobbo & Mapelli 2018). In mobse,
the mass loss of massive hot stars is described as ÛM ∝ Zβ , where β
is defined as in Giacobbo et al. (2018):
β =

0.85, if Γe < 2/3
2.45 − 2.4Γe, if 2/3 ≤ Γe < 1
0.05, if Γe ≥ 1
(1)
where Γe is the electron-scattering Eddington ratio.
The prescriptions for core-collapse SNe adopted in mobse
come from Fryer et al. (2012) and have been slightly modified
to enforce a minimum neutron star (NS) mass of ≈ 1.23 M (Gia-
cobbo & Mapelli 2020). Here, we consider both the rapid and the
delayed SNmodel described by Fryer et al. (2012). The two models
differ only by the time when the explosion is launched, which is .
250 ms (& 500 ms) after the bounce in the rapid (delayed) model.
According to these models, stars with final carbon-oxygen mass
mCO & 11M collapse to a BH directly. In terms of compact rem-
nant masses, the main difference between the rapid and the delayed
model is that the former enforces a mass gap between 2 and 5 M ,
while the latter does not.
Following Timmes et al. (1996) and Zevin et al. (2020), we
compute neutrino mass loss for both NSs and BHs as
mν = min

(√
1 + 0.3mbar − 1
)
0.15
, 0.5M
 , (2)
wherembar is the baryonicmass of the compact object. The resulting
gravitational mass of the compact object is mrem = mbar − mν .
Prescriptions for pair instability SNe and pulsational pair instability
SNe are also implemented, as described in Mapelli et al. (2020b).
Our treatment for electron-capture SNe is described in Giacobbo &
Mapelli (2019).
We consider different SN kick prescriptions, in order to assess
their impact on the cosmic merger rate density. As our fiducial
model, we adopt the natal kick prescription proposed by Giacobbo
& Mapelli (2020):
vkick = fH05
mej
〈mej〉
〈mNS〉
mrem
, (3)
where fH05 is a random value extracted from a Maxwellian distri-
bution with one-dimensional root mean square σ1D = 265 kms−1
(Hobbs et al. 2005), mej is the mass of the ejecta, mrem is the mass
of the compact remnant, 〈mNS〉 is the average NS mass and 〈mej〉 is
the average mass of the ejecta associated with the formation of a NS
of mass 〈mNS〉 from single stellar evolution. Equation 3 provides
the natal kick for both NSs and BHs, and for both electron-capture
and core-collapse SNe. Since BHs that form from direct collapse
have mej = 0, they receive no kick. This kick prescription matches
the proper motions of young Galactic pulsars (Hobbs et al. 2005;
2 https://mobse-webpage.netlify.app/
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Bray & Eldridge 2016, 2018) and at the same time the merger rate
density inferred from LVC (Tang et al. 2020; Giacobbo & Mapelli
2020).
We also consider a simplified model in which the natal kick
velocity is randomly drawn from a Maxwellian distribution with
fixed one-dimensional root mean square σ1D. We consider three
different values of σ1D = 265, 150 and 50 km s−1. In this simple
model, the natal kicks of BHs and NSs are drawn from the same
Maxwellian distribution, without accounting for direct collapse or
fallback.
In the default version of mobse, mass transfer via Roche lobe
overflow is described as in Hurley et al. (2002). This yields a nearly
conservative mass transfer if the accretor is a non-degenerate star.
Here, we introduce also an alternative model in which the mass
accretion rate ( Ûma) is described as
Ûma =

fMT | Ûmd | if the accretor is non-degenerate
min ( fMT | Ûmd |, ÛmEdd) otherwise,
(4)
where Ûmd is the mass loss rate by the donor star, ÛmEdd is the
Eddington accretion rate and fMT ∈ [0, 1] is the accretion efficiency.
Here, we explore fMT = 0.1, 0.5 and 1.
Other binary evolution processes such as wind mass transfer,
tidal evolution, common envelope (CE) and gravitational-wave en-
ergy loss are taken into account as described in Hurley et al. (2002).
In this work, we assume that the CE ejection efficiency parameter,
αCE, can assume values from 0.5 and 10, while λCE is derived as
described in Claeys et al. (2014).
In the fiducial model, the mass of the primary star in each
binary system is randomly drawn from a Kroupa (2001) initial mass
function (IMF), with minimum mass 5 M and maximum mass
150 M . For stars with mass > 0.5 M , the Kroupa IMF behaves
as a power law dN/dm ∝ m−αIMF withαIMF = 2.3.We also explored
different IMF slopes for stars with mass > 0.5 M . In particular,
we consider two cases in which αIMF = 2.0 and 2.7.
Table 1 provides a summary of the different runs performed in
this work. We have considered 12 different stellar metallicities for
each run: Z = 0.0002, 0.0004, 0.0008, 0.0012, 0.0016, 0.002, 0.004,
0.006, 0.008, 0.012, 0.016, 0.02. For each run, we have simulated
107 binaries per each metallicity comprised between Z = 0.0002
and 0.002, and 2 × 107 binaries per each metallicity Z ≥ 0.004,
since higher metallicities are associated with lower BBH and BHNS
merger efficiency (e.g. Giacobbo & Mapelli 2018; Klencki et al.
2018). Thus, we have simulated 1.8 × 108 binaries per each run
shown in Table 1.
In all runs, the orbital periods, eccentricities and mass ratios of
binaries are drawn from Sana et al. (2012). In particular, we derive
the mass ratio q = m2/m1 as F (q) ∝ q−0.1 with q ∈ [0.1 − 1],
the orbital period P from F (Π) ∝ Π−0.55 with Π = log (P/day) ∈
[0.15 − 5.5] and the eccentricity e from F (e) ∝ e−0.42 with 0 ≤
e ≤ 0.9.
2.2 Cosmic merger rate density
We model the cosmic merger rate density R(z) following Santoliq-
uido et al. (2020):
R(z) = d
dtlb(z)
[∫ z
zmax
ψ(z′) dtlb(z
′)
dz′ dz
′
∫ Zmax
Zmin
η(Z)F (z′, z, Z) dZ
]
,
(5)
Table 1. Summary of the models.
Model Name αCE Kick Model SN Model fMT αIMF
α0.5 0.5 Eq. 3 Delayed H02 2.3
α1 1 Eq. 3 Delayed H02 2.3
α2 2 Eq. 3 Delayed H02 2.3
α3 3 Eq. 3 Delayed H02 2.3
α5 5 Eq. 3 Delayed H02 2.3
α7 7 Eq. 3 Delayed H02 2.3
α10 10 Eq. 3 Delayed H02 2.3
α1s265 1 σ1D = 265 km/s Delayed H02 2.3
α5s265 5 σ1D = 265 km/s Delayed H02 2.3
α1s150 1 σ1D = 150 km/s Delayed H02 2.3
α5s150 5 σ1D = 150 km/s Delayed H02 2.3
α1s50 1 σ1D = 50 km/s Delayed H02 2.3
α5s50 5 σ1D = 50 km/s Delayed H02 2.3
α1R 1 Eq. 3 Rapid H02 2.3
α5R 5 Eq. 3 Rapid H02 2.3
α1MT0.1 1 Eq. 3 Delayed 0.1 2.3
α1MT0.5 1 Eq. 3 Delayed 0.5 2.3
α1MT1.0 1 Eq. 3 Delayed 1.0 2.3
α5MT0.1 5 Eq. 3 Delayed 0.1 2.3
α5MT0.5 5 Eq. 3 Delayed 0.5 2.3
α5MT1.0 5 Eq. 3 Delayed 1.0 2.3
α10MT0.1 10 Eq. 3 Delayed 0.1 2.3
α10MT0.5 10 Eq. 3 Delayed 0.5 2.3
α10MT1.0 10 Eq. 3 Delayed 1.0 2.3
α1IMF2.0 1 Eq. 3 Delayed H02 2.0
α1IMF2.7 1 Eq. 3 Delayed H02 2.7
α5IMF2.0 5 Eq. 3 Delayed H02 2.0
α5IMF2.7 5 Eq. 3 Delayed H02 2.7
Column 1: model name. Column 2: parameter αCE of the CE. Column 3:
kick model; runs α1s265/α5s265, α1s150/α5s150 and α1s50/α5s50 have
natal kicks drawn from a Maxwellian distribution with root mean square
σ1D = 265, 150 and 50 km s−1, respectively; in all the other models, the
kicks are calculated as in eq. 3. Column 4: core collapse SN model; models
α1R and α5R adopt the rapid model from Fryer et al. (2012), while all the
other models adopt the delayed model from the same authors. Column 5:
accretion efficiency fMT onto a non-degenerate accretor; H02 means that we
follow the same formalism as in Hurley et al. (2002). For the other models,
see eq. 4. Column 6: slope of the IMF; models αIMF of the IMF form > 0.5
M ; α1K2.0, α5K2.0 (α1K2.7, α5K2.7) have αIMF = 2.0 (αIMF = 2.7).
All the other models assume the "standard" slope αIMF = 2.3 (Kroupa
2001).
where tlb(z) is the look-back time at redshift z, Zmin and Zmax are
the minimum and maximum metallicity, ψ(z′) is the cosmic SFR at
redshift z′, F (z′, z, Z) is the fraction of compact binaries that form
at redshift z′ from stars with metallicity Z and merge at redshift
z, and η(Z) is the merger efficiency, namely the ratio between the
total number NTOT(Z) of compact binaries (formed from a coeval
population) that merge within an Hubble time (tH0 . 14 Gyr) and
the total initial mass M∗(Z) of the simulation with metallicity Z:
η(Z) = fbin fIMF
NTOT(Z)
M∗(Z) , (6)
where fbin = 0.5 is the binary fraction, and fIMF is a correction
factor that takes into account that only stars with mass m > 5
M are simulated. This parameter depends on the adopted IMF, in
particular fIMF = 0.483, 0.285 and 0.123 when αIMF = 2.0, 2.3
and 2.7 respectively.
To calculate the lookback time we take the cosmological pa-
MNRAS 000, 1–13 (2020)
4 Santoliquido et al.
rameters (H0, ΩM and ΩΛ) from Ade et al. (2016). The maximum
considered redshift in equation 5 is zmax = 15, which we assume to
be the epoch of formation of the first stars.
The SFR density ψ(z) is given by the following fitting formula
(Madau & Fragos 2017):
ψ(z) = 0.01 (1 + z)
2.6
1 + [(1 + z)/3.2]6.2 MMpc
−3 yr−1. (7)
To estimate the uncertainty on ψ(0), we assume that the errors
follow a log-normal distribution with mean logψ(0) = −2 and
standard deviation σlogψ = 0.2, taking into account the typical 1σ
error bars on single data points (see Figure 9 of Madau &Dickinson
2014).
The normalisation of equation 7 is obtained for a Kroupa IMF
with αIMF = 2.3. When we vary the slope of the IMF, we have
to change the normalisation of eq. 7 (Madau & Dickinson 2014).
Thus, we re-scale the normalisation by multiplying equation 7 by a
factor 0.58 and 2.40 for αIMF = 2.0 and 2.7, respectively (see, e.g.,
Klencki et al. 2018).
We describe the evolution of the average stellar metallicity as
a function of redshift µ(z), as follows.
µ(z) = log
(
Z(z)
Z
)
= log (a) + b z, (8)
where a = 1.04 ± 0.14 and b = −0.24 ± 0.14 dex. In the above
equation, the slope b comes fromDeCia et al. (2018), who provide a
fit to themetallicity evolution of a large sample of dampedLyman−α
(DLA) systems with redshift between 0 and 5. The original fit by De
Cia et al. (2018) yields a metallicity Z(z = 0) = 0.66 Z , which is
low compared to the average stellar metallicity measured at redshift
zero (see for instance the discussion in Madau & Dickinson 2014).
Hence, in equation 8, we have re-scaled the fitting formula provided
by De Cia et al. (2018) to yield Z(z = 0) = (1.04± 0.14) Z , where
Z = 0.019, consistent with the average metallicity of galaxies at
z ∼ 0 from the Sloan Digital Sky Survey (Gallazzi et al. 2008). The
quoted uncertainties on both a and b are at 1 σ. We assume that the
observational values follow a Gaussian distribution, as it has been
done in the original papers by Gallazzi et al. (2008) and De Cia
et al. (2018).
We model the distribution of stellar metallicities log (Z/Z) at
a given redshift as a normal distribution with mean value µ(z) from
equation 8 and standard deviation σZ = 0.20 dex as our fiducial
value:
p(z′, Z) = 1√
2pi σ2
Z
exp
{
− [log (Z/Z) − µ(z
′)]2
2σ2
Z
}
. (9)
We assume σZ = 0.20 dex, based on the metallicity spread found
in cosmological simulations (e.g., eagle, Artale et al. 2019). In
Section 3.7, we discuss the impact of a different choice of σZ on
the merger rate density (see also Chruslinska et al. 2019, 2020).
The fraction of compact binaries that form at redshift z′ from
stars with metallicity Z and merge at redshift z is thus given by
F (z′, z, Z) = N(z
′, z, Z)
NTOT(Z)
p(z′, Z), (10)
whereN(z′, z, Z) is the total number of compact binaries that merge
at redshift z and form from stars with metallicity Z at redshift z′.
We performed 2×103 realisations of equation 5 per eachmodel
in Table 1. In each realisation, we randomly draw the normalisation
value of the SFR density (equation 7), and the intercept and the
slope of the average metallicity (equation 8) from three Gaussian
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Figure 1. Merger efficiency η as a function of progenitorâĂŹs metallicity
for models α0.5 to α10. See Table 1 for further details.
distributions with mean (standard deviation) equal to logψ(0) = −2
(σlogψ = 0.2), a = 1.04 (σa = 0.14) and b = −0.24 (σb = 0.14),
respectively. For simplicity, the value of the intercept and that of the
slope are drawn separately, assuming no correlation.
3 RESULTS
3.1 Merger efficiency
Figure 1 shows the merger efficiency η(Z) as defined in equation 6,
as a function of progenitor’s metallicity and for different values of
the αCE parameter. The BNS merger efficiency (hereafter, ηBNS)
mildly depends on the metallicity of the progenitor star, as already
found by otherworks (e.g., Giacobbo et al. 2018;Klencki et al. 2018;
Chruslinska et al. 2018). The behaviour of ηBNS as a function of
metallicity is different for different values of αCE. For example,
for αCE = 1, ηBNS has a U−shaped trend with metallicity and has
a minimum at Z = 0.002, while, for αCE = 2, ηBNS decreases
almost monotonically from Z = 0.0002 to Z = 0.02. The BNS
merger efficiency changes by less than one order of magnitude with
Z , while it increases by two orders of magnitude with increasing
αCE. Thus, the BNS merger efficiency is strongly affected by the
CE parameter αCE and only mildly affected by metallicity.
The behaviour of the BHNS merger efficiency (hereafter,
ηBHNS) as a function of metallicity dramatically depends on the
value of αCE. By decreasing the value of αCE, ηBHNS progressively
decreases at low Z and increases at high Z . For large values of αCE
(≥ 5), ηBHNS decreases by three orders of magnitude going from
Z = 0.0002 up to Z = 0.02, while for αCE = 0.5 ηBHNS is almost
independent of Z .
This can be physically explained by an interplay between stellar
winds and CE. A small value of αCE (αCE . 1) means inefficient
CE ejection: the binary has to shrink a lot before the envelope is
ejected. At low Z , inefficient CE ejection suppresses the merger of
small BHs (with mass < 10 M), because their progenitor stars
retain large envelopes and merge during CE, before giving birth
to BHNSs. In contrast, at solar metallicity, stellar winds peel off
stars and their envelopes are relatively small, making it difficult for
CE to harden the system enough to merge by gravitational wave
emission. Hence, an inefficient CE ejection tends to boost mergers
MNRAS 000, 1–13 (2020)
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Figure 2. Left y−axis: Evolution of the merger rate density R(z) for BBHs
(top), BHNSs (centre) and BNSs (bottom) in the comoving frame, as a
function of the look-back time (lower x−axis) and of the redshift (upper
x−axis). We vary αCE from 0.5 (model α0.5) to 10 (model α10). The grey
shaded area shows the 90% credible interval for the local merger rate density,
as inferred from the LVC. We consider the union of the rates obtained with
model A, B and C in Abbott et al. (2019b). The width of the grey shaded
area on the x−axis corresponds to the instrumental horizon obtained by
assuming BBHs, BHNS, BNSs of mass (10 + 10), (1.4 − 5) and (1.4 − 1.4)
M respectively and O2 sensitivity (Abbott et al. 2018). Right y−axis and
grey solid thin line: SFR density evolution (Equation 7).
of low-mass BHs at solar metallicity, by efficiently shrinking their
progenitor binaries.
The BBHmerger efficiency (hereafter, ηBBH) strongly depends
on progenitor’s metallicity and is only mildly affected by αCE. ηBBH
decrease by three–four orders of magnitude from the lowest to the
highest considered metallicity. Lower values of αCE result in higher
values of ηBBH, with the exception of the case with αCE = 0.5 and
Z = 0.0002.
3.2 Common envelope
Figure 3.2 shows the cosmic merger rate density R(z) as a function
of redshift for the same values of the CE parameter as shown in
Figure 1. The BNS merger rate density is up to two orders of
magnitude higher for large values of αCE than for low values. This
trend can be easily explained by looking at the merger efficiency
(Figure 1): for BNSs, larger values of αCE translate into higher
merger efficiency.
The top panel of Figure 3.2 shows the merger rate density of
BBHs. In the local Universe, RBBH(z) changes by a factor of 2−3 if
we change αCE. Thus, the impact of αCE on the local BBH merger
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Figure 3. Merger rate density of BBHs (top), BHNSs (centre) and BNSs
(bottom). Same as Figure 3.2, but we compare different natal kicks.
rate is smaller than in the case of BNSs. Moreover, models with
large αCE result in lower BBH merger rates, with an opposite trend
with respect to BNSs. These differences are also explained by the
behaviour of the merger efficiency at different αCE (Figure 1).
The merger rate density of BHNSs follows an evolution similar
to that of BBHs: lower values of αCE give higher merger rates (with
the exception of αCE = 0.5) and the difference between models
with different αCE is only a factor of ∼ 2 in the local Universe. As
for BNSs and BBHs, this trend can be explained by looking at the
merger efficiency. From now on, we consider αCE = 1 and 5 as our
fiducial cases.
3.3 Natal kicks
Figure 3 shows that the higher the natal kick is, the lower is the
merger rate density at each given redshift, for BBHs, BHNSs and
BNSs. In fact, high natal kicks tend to disrupt the binary system. SN
kicks drawn from a Maxwellian distribution with σ1D = 50 kms−1
yield a merger rate density similar to that given by equation 3.
As expected from linear momentum conservation, the effect of
different SN natal kick prescriptions is higher for BNSs, where there
is a difference up to an order of magnitude if we consider natal kicks
drawn from a Maxwellian with σ1D = 265km s−1 with respect to
σ1D = 50 km s−1. A Maxwellian curve with σ1D = 50 km s−1 is in
tension with the observed proper motions of young pulsars in our
Galaxy (Hobbs et al. 2005; Verbunt et al. 2017; Pol et al. 2019).
Hence, we conclude that only models in which vkick ∝ mej (like the
one in equation 3) can match the merger rate density inferred from
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Figure 4. Merger rate density of BBHs (top), BHNSs (centre) and BNSs
(bottom). Same as Figure 3.2, but we compare the rapid and delayed core-
collapse SN models.
the LVC and at the same time the distribution of proper motions of
Galactic pulsars (e.g., Giacobbo &Mapelli 2020; Tang et al. 2020).
3.4 Core-collapse SN model
Choosing the delayed or the rapid core-collapse SN model has
a minor impact on the cosmic merger rate density (Figure 4). The
delayedmodel slightly enhancesRBNS(z), because it producesmore
massive NSs which can merge on a shorter timescale. For the same
reason, the delayed model slightly suppresses RBBH(z), because it
produces a number of low-mass BHs (3 − 5 M), which merge on
a longer timescale than more massive BHs. For BHNSs, the effect
of the core-collapse SN model depends on the choice of the αCE
parameter.
3.5 Mass accretion efficiency
Figure 5 shows the impact of different values of the mass accretion
efficiency on the cosmic merger rate density. Lower values of fMT
result in a lower RBBH(z), especially for large values of αCE. In
contrast, lower values of fMT lead to a higher RBHNS(z). Finally,
the impact on BNS merger rate density is very mild and depends on
αCE.
The physical reason is that highly non-conservative mass ac-
cretion significantly reduces the total mass of the binary star. In
particular, the secondary star accretes just a small fraction of the
mass lost by the primary star during Roche lobe overflow. This im-
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Figure 5. Merger rate density of BBHs (top), BHNSs (centre) and BNSs
(bottom). Same as Figure 3.2, but we compare different values of the accre-
tion efficiency parameter fMT.
plies that non-conservative mass transfer enhances the formation of
unequal mass binary compact objects, such as BHNSs.
3.6 Initial mass function
Figure 6 shows that the impact of varying the IMF’s slope on the
cosmic merger rate is very mild, as already found by Klencki et al.
(2018).RBBH(z) andRBNS(z) show an opposite trend: the former is
higher when a shallower IMF slope is considered. This result has a
trivial explanation: if αIMF = 2.0, the fraction of massive stars that
end up collapsing into BHs is higher with respect to αIMF = 2.7.
3.7 Metallicity and SFR evolution
Aswe detailed in Section 2.2, the cosmicmerger rate density is eval-
uated by assuming the fit fromMadau & Fragos (2017) for the SFR
density (equation 7) and a metallicity evolution model (equation 8).
These two functions are affected by observational uncertainties; in
this Section, we show their impact on the merger rate density. We
take in account the uncertainty on four quantities, namely the nor-
malisation factor of the SFR densityψ(0) in equation 7, the intercept
a and slope b of equation 8, and the metallicity spread σZ in equa-
tion 9. We assume the metallicity spread σZ to follow a Gaussian
distribution with standard deviation 0.1 dex.
We evaluate the cosmic merger rate density by varying the
value of the aforementioned parameters in a [−2σ,+2σ] interval,
where σ is the standard deviation associated with that parameter.
We assume here, for simplicity, that the considered quantities follow
MNRAS 000, 1–13 (2020)
The cosmic merger rate density of compact objects 7
10 2
10 1
 [M
 M
pc
3  y
r
1 ]
0 0.1 0.3 0.5 0.7 1.0 1.4 2 3 5 9
Cosmological Redshift (z)
10 3
10 2
10 1
 [M
 M
pc
3  y
r
1 ]
10 3
10 2
10 1
100
 [M
 M
pc
3  y
r
1 ]
102
103
BB
H(
z)
 [G
pc
3  y
r
1 ]
101
102
103
BH
NS
(z
) [
Gp
c
3  y
r
1 ] 1IMF2.0
5IMF2.0
1
5
1IMF2.7
5IMF2.7
0 2 4 6 8 10 12 14
Look back time [Gyr]
101
102
103
BN
S(
z)
 [G
pc
3  y
r
1 ]
Figure 6. Merger rate density of BBHs (top), BHNSs (centre) and BNSs
(bottom). Same as Figure 3.2, but we compare different values of the IMF
slope αIMF.
a Gaussian distribution and that they are not correlated with each
other.
Figure 7 shows the dependence of the merger rate density on
these observational parameters. For sake of clarity, we just plotted
the merger rate density in the local Universe (zloc < 0.1) and at
z = 2 for two different values of αCE. The grey box in Figure 7
represents the 90% credible interval inferred from the LVC (Abbott
et al. 2019a,b, 2020b).
RBNS(z) is only mildly affected by the parameters that concern
metallicity (a, b and, σZ ), especially at low redshift. The most
important parameter for BNSs is the normalisation of the SFR
ψ(0). In order for the local merger rate density to be within the
90% credible interval inferred from the LVC, we have to assume
either a value of ψ(0) at the +2σ level or αCE ≥ 3, as we have
seen in Section 3.2. Thus, the cosmic merger rate density of BNSs
is mainly affected by population-synthesis uncertainties and by the
uncertainty on the SFR.
In contrast, RBBH(z) changes by orders of magnitude when
varying the parameters that describemetallicity evolution. The local
merger rate density of BBHs is outside the 90% credible region
of LVC when σZ > 0.39 (0.35) for α1 (α5), keeping the other
parameters at their fiducial values. We expect RBBH to grow with
σZ , because a larger value of σZ means that the percentage of
metal-poor stars at low redshift is higher. As we have seen from
Figure 1, the BBH merger efficiency is orders of magnitude higher
for metal-poor stars. For the same reason, the cosmic merger rate
density of BBHs decreases for increasing values of the intercept in
equation 8.
The value of the slope b in equation 8 represents the largest
source of uncertainty forRBBH, compared to the other observational
parameters. The local BBH merger rate density changes by two
to four orders of magnitude by varying b within 2 σ. The local
merger rate density is inside the LVC 90% credible interval only for
b ∈ [−0.36,−0.16] ([−0.30,−0.17]) for α1 (α5).
BHNSs behave in a similar way to BBHs, but all the considered
realisations are still within the upper limit from the LVC.
Figure 8 shows the overall uncertainty affecting the cosmic
merger rate density due to SFR and metallicity. We evaluate this un-
certainty through the Monte Carlo method presented in Section 2.2.
RBBH(z) and RBHNS(z) are heavily affected by uncertainties on
metallicity evolution. In contrast, the uncertainty on RBNS(z) is
much smaller and is dominated by the SFR.
3.8 Merger rate density as function of metallicity
Figure 9 shows the contribution of different progenitor’s metallici-
ties to the cosmic merger rate density, for three different values of
αCE = 1, 5 and 10. For αCE = 1, progenitor stars with Z ∼ 0.004
produce most of the BBHs merging at z . 4.
In contrast, RBNS(z) is dominated by solar metallicity progen-
itors for z . 1. Again, this springs from the different dependence
of BBH and BNS merger efficiency on metallicity.
Different values of αCE change the relative contribution of
different metallicities to the merger rate. For all kind of compact
objects considered here (BBHs, BHNSs and BNSs), larger values
of αCE correspond to a larger contribution of metal-poor stellar
populations to the local merger rate with respect to metal-rich stellar
populations. This happens because the delay times are generally
longer for large values of αCE than for small values of αCE. In fact,
larger values of αCE imply that the CE is ejected without much
shrinking of the binary system. Hence, the final binary that emerges
from CE has a larger orbital separation, and needs more time to
merge by gravitational wave emission.
4 DISCUSSION
4.1 Fitting the merger rate density at z<1
Our models show that the merger rate density of binary compact
objects is broadly reminiscent of the cosmic SFR density. Here, we
want to quantify how close is the slope of the merger rate density
to that of the cosmic SFR in our different models. Since LIGO
and Virgo at design sensitivity will observe BBH mergers up to
z ∼ 1, we restrict our attention to the slope of the merger rate
density up to such redshift (Fishbach et al. 2018). We assume that
RBBH(z) ∝ (1+ z)λ if z < 1. Under such assumption, we can fit the
following quantities
log [R(1 + z)] = logR0 + λ log (1 + z). (11)
We expect to find λ ≈ 2.6 if the merger rate density scales approxi-
mately with the cosmic SFR density, given equation 7.
We show the results of our fit in Table 2 and Figure 10. Most of
ourmodels haveλ < 2.6 forBBHs,BHNSs andBNSs. This suggests
that the actual slope of the merger rate density is shallower than the
one of the cosmic SFR, because of the delay time distribution, which
encodes information on binary evolution processes, and because of
the impact of metallicity on the merger efficiency.
The model closest to λ = 2.6 is α5s265 for BNSs, i.e. the
model with large natal kicks. With this kick choice, only the closest
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and most massive systems can survive the SN explosion, and these
systems are also those that merge with the shortest delay times
by gravitational wave radiation. In contrast, the model with the
shallowest slope is α10MT0.5 for BBHs, which yields λ = 0.25.
As we have already seen in Figure 9, models with αCE = 10 have
longer delay times than the other models.
4.2 Merger efficiency and delay time impact on merger rate
density
In this Section, we want to use a simple toy model to interpret the
results we found in the previous Section. In order to understandwhat
are the effects on the cosmic merger rate density of the convolution
of the SFR density with different delay time distributions and with
metallicity, we performed some mock simulations.
The first ingredient of our mock simulations is the merger
efficiency, which encodes a possible dependence on metallicity. We
consider two different cases. In the first case, we assume a constant
merger efficiency η, independent of metallicity; in the second case,
we adopt a BBH-like η, higher at lowmetallicity. Specifically, for the
latter case we use the merger efficiency of the α5 case, as displayed
in Figure 1.
The second ingredient is the delay time tdel distribution. For
simplicity, we assume that the delay time distribution does not
depend on metallicity. We consider four cases in which we assume
a uniform delay time distribution: three narrow distributions with
tdel uniform from 10 to 20 Myr, from 1 to 2 Gyr and from 4 to 5
Gyr; and a broader distribution with tdel uniform from 10 Myr to
14 Gyr. Then, we consider two power law distributions: ∝ t−1 and
∝ t+1, defined from 10 Myr to 14 Gyr.
Figure 11 shows the merger rate density evaluated with the
aforementionedmock simulations. Let us start considering the cases
with constant η. If the delay time is uniformly distributed between
10 and 20 Myr, the merger rate density has exactly the same slope
and peak redshift as the cosmic SFR. The other two narrow delay
time distributions have the effect to shift the merger rate density
peak towards lower redshifts than the peak of the cosmic SFR. The
case with dN/dt ∝ t−1 has a very similar slope to the cosmic SFR
density (λ ∼ 2.6), while the cases with dN/dt ∝ t0 and t1 have
significantly flatter and even upturning slopes (λ < 0). The case
with constant η and ∝ t−1 delay time distribution is reminiscent
of our BNS simulations. However, the fact that our BNS models
generally have a slope flatter than λ = 2.6 (Table 2) tells us that, for
a constant η, the delay time distribution in our models is flatter than
t−1.
Let us now look at the cases with a BBH-like η. The delay
time distribution uniform between 10 and 20 Myr peaks at a higher
redshift (zpeak & 5) with respect to the cosmic SFR density. This
happens because the BBH-like merger efficiency is maximum for
metallicity Z ∼ 0.0002, which is common in the early Universe.
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Figure 8. Merger rate density of BBHs (top), BHNSs (centre) and BNSs
(bottom). Same as Figure 3.2, but we show the uncertainties on SFR and
metallicity evolution. The contour areas represent 50% of different realisa-
tions (between the 25% and 75% percentile), while the thick solid line is
the median. See Section 2.2 for details. To obtain the hatched area (with
vertical lines), we varied only the slope and intercept of the metallicity fit
(equation 8). To derive the shaded area we varied only the SFR density
normalisation ψ(0) (equation 7). Hence, the hatched area and the shaded
area quantify the uncertainty on metallicity and SFR, respectively.
This result is similar to our BBH models with αCE ≤ 1 and is
indicative of a strong dependence on metallicity combined with
short delay times. For a uniform delay time distribution between 10
Myr and 14 Gyr, the merger rate density is almost constant with
time, similar to the trend of RBBH(z) in the α10 model. Indeed,
the delay time distribution of α10 is nearly flat, because αCE > 5
implies less effective shrinking of the binaries during CE, hence
longer delay times.
4.3 Comparison with previous results
One of the main results of our analysis is that the BBH merger
rate varies by more than one order of magnitude because of uncer-
tainties on metallicity evolution, while the merger rate of BNSs is
substantially unaffected by metallicity. This result is in agreement
with previous studies (e.g. Giacobbo & Mapelli 2018; Chruslinska
et al. 2019; Neijssel et al. 2019; Tang et al. 2020).
On top of that, the merger rates of BBHs, BHNSs and BNSs
strongly depend on CE efficiency (αCE), mass transfer efficiency
( fMT) and natal kicks. For the merger rate of BBHs, the uncertainty
connected with such binary evolution parameters is of the same
order of magnitude as the uncertainty on metallicity evolution, con-
sistent with Neijssel et al. (2019).
Table 2. Coefficients of the fit in equation 11 with 0 ≤ z < 1 for each
considered model.
Model name BBH BHNS BNS
R0 λ R0 λ R0 λ
α0.5 40.39 1.56 14.74 2.12 21.75 1.04
α1 57.74 2.16 34.45 1.57 44.59 1.50
α2 105.42 1.33 29.58 1.60 76.54 1.95
α3 94.08 1.19 30.10 1.47 358.44 1.97
α5 73.76 0.83 25.74 1.28 812.20 1.92
α7 52.08 0.74 26.88 1.00 1036.82 1.29
α10 37.09 0.77 20.23 0.72 746.12 0.84
α1s265 12.36 2.13 2.07 2.26 4.26 2.01
α5s265 10.00 1.97 1.84 2.02 39.17 2.61
α1s150 36.16 1.86 8.10 2.07 12.83 1.72
α5s150 31.69 1.71 8.32 1.73 124.97 2.38
α1s50 57.78 1.82 41.62 1.70 59.85 1.53
α5s50 74.93 1.03 36.20 1.16 544.78 2.05
α1R 65.28 2.52 42.54 1.31 35.31 1.41
α5R 95.73 0.35 12.34 2.01 669.05 1.75
α1MT0.1 83.03 1.71 128.04 2.05 82.99 1.77
α5MT0.1 35.95 0.78 110.34 1.58 384.90 2.31
α10MT0.1 11.39 0.31 59.69 0.48 464.31 1.42
α1MT0.5 71.20 2.10 59.29 2.05 60.13 1.71
α5MT0.5 77.70 0.43 37.36 0.96 535.59 2.36
α10MT0.5 37.50 0.25 15.35 0.49 836.07 1.36
α1MT1.0 58.47 2.13 34.06 1.58 43.88 1.53
α5MT1.0 73.18 0.84 25.67 1.27 813.39 1.93
α10MT1.0 36.99 0.78 20.55 0.69 761.75 0.90
α1IMF2.0 72.98 2.07 36.70 1.49 34.60 1.48
α5IMF2.0 84.34 0.83 24.07 1.29 620.73 1.92
α1IMF2.7 37.45 2.25 28.28 1.62 53.97 1.55
α5IMF2.7 53.71 0.86 24.36 1.26 1013.70 1.92
R0 is given in [Gpc−3 yr−1]. In order to check the goodness of the fits, we
calculated the coefficient of determination R2 which is > 0.95 for all the
linear fits, except for the model α5MT0.1, which yields R2 = 0.84.
For a suitable choice of these binary evolution parameters
(namely αCE ≥ 3 and natal kicks described by eq. 3), we find
reasonable agreement between our models and the LVC rates of
BBHs, BHNSs and even BNSs (Abbott et al. 2019a,b, 2020b). In
agreement with Giacobbo &Mapelli (2020), Tang et al. (2020) and
Zevin et al. (2020), we find that only models in which the natal kicks
scale with the mass of the ejecta (vkick ∝ mej) or models with low
kicks (σ = 50 km s−1) can match the BNS merger rate in the local
Universe.
Whenwe compare our results withmodels adopting the cosmic
SFR and metallicity evolution from cosmological simulations (e.g.,
Lamberts et al. 2016; Mapelli et al. 2017; Mapelli & Giacobbo
2018; Artale et al. 2020), we find more conspicuous differences.
For example, Figure 12 shows the comparison between the merger
rates estimated with cosmoRate and those estimated by Mapelli
& Giacobbo (2018) and Artale et al. (2020), using the illustris
(Vogelsberger et al. 2014b,a; Nelson et al. 2015) and the eagle cos-
mological simulation (Schaye et al. 2015), respectively. To make a
one-to-one comparison, we have re-run cosmoRatewith the binary
compact object catalogues from model CC15α5, obtained with an
old version of mobse (see Giacobbo & Mapelli 2018) and adopted
in both Mapelli & Giacobbo (2018) and Artale et al. (2020). The
merger rate density of BBHs, BHNSs and BNSs in the local Uni-
verse is a factor of ∼ 3 − 5 higher in Mapelli & Giacobbo (2018)
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The thin grey line is the SFR from Madau & Fragos 2017.
than in this work. This difference is due to the cosmic SFR of the
illustris cosmological simulation, which is a factor of ∼ 2 − 2.5
higher in the local Universe than the one described by Madau &
Fragos (2017), and to the metallicity evolution of the illustris,
which has a larger contribution from metal-poor stars. The results
of cosmoRate are more similar to those reported in Artale et al.
(2020). However, the cosmic SFR of the eagle is significantly lower
than the one measured by Madau & Fragos (2017), as reported pre-
viously by Katsianis et al. (2017). This is compensated by the fact
that the eagle average metallicity in the local Universe is lower
with respect to equation 8.
5 SUMMARY
We investigated the cosmicmerger rate density evolution of compact
binaries, by exploring the main sources of uncertainty. We have
made use of the cosmoRate code (Santoliquido et al. 2020), which
evaluates the cosmic merger rate density by combining catalogues
of merging compact binaries, obtained from population-synthesis
simulations, with the Madau & Fragos (2017) fit to the SFR density
and with a metallicity evolution model based on De Cia et al. (2018)
and Gallazzi et al. (2008).
We took into account uncertainties on the most relevant binary
evolution processes: CE, SN kicks, core-collapse SN models and
mass accretion by Roche lobe overflow. These represent the main
bulk of uncertainty on the merger rate density due to binary evo-
lution prescriptions. In addition, we varied the slope of the IMF.
Our results confirm that the core-collapse SN model and the IMF
produce negligible variations of the merger rate density.
The parameter αCE, quantifying the efficiency of CE ejection,
is one of the main sources of uncertainty. The merger rate density of
BNSs spans up to 2 orders of magnitude if αCE varies from 0.5 to
10. For the same range of αCE, RBHNS(z) and RBBH(z) vary up to
a factor of 2 and 3, respectively. Only values of αCE ≥ 3 give local
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Figure 12. Comparison between the merger rate density of BBHs, BHNSs
and BNSs obtained with cosmoRate (red solid lines) and the ones derived
by Artale et al. (2020, green long-dashed lines with label A2020), based on
the eagle cosmological simulation (Schaye et al. 2015), and by Mapelli &
Giacobbo (2018, blue short dashed lines with label M&G2018), based on
the illustris cosmological simulation (Vogelsberger et al. 2014b). Solid
grey line: SFR density fromMadau & Fragos (2017, with label M&F2017);
long-dashed grey line: SFR density from the eagle simulation; short-dashed
grey line: SFR density from the illustris simulation.
BNSmerger rate densities within the 90% credible interval inferred
from the LVC (Abbott et al. 2019a,b, 2020b).
Models of natal kicks that predict high velocities (σ = 265
km s−1) underestimate the merger rate of BNSs by a factor of 10 or
more, with respect to the 90% credible interval fromLVC data. Only
models with low kicks or with vkick ∝ mej (Bray & Eldridge 2016,
2018; Giacobbo & Mapelli 2020; Tang et al. 2020) predict values
of the BNS merger rate within the 90% LVC credible interval.
Different values of the mass transfer efficiency parameter do
not result in appreciable differences in the BNS merger rate density.
The difference between fMT = 0.1 and fMT = 1 (conservative mass
transfer) is up to a factor of 5 − 10 for BHNSs and BBHs. The
BBH local merger rate density with fMT = 0.1 can be as low as
RBBH(zloc < 0.1) ∼ 11 Gpc−3 yr−1 with αCE = 10.
Callister et al. (2020) show that models with local merger rates
RBBH(z) ∝ (1+z)λ with λ ≥ 7 are already rejected, based on the O1
and O2 LVC data and on the analysis of the stochastic background.
All of our models yield a slope λ ≤ 2.6 for z < 1; hence, none of
them can be rejected by current data. Most of our models are fitted
by λ ≤ 2, a shallower slope with respect to the cosmic SFR. We
show that this is indicative of a delay time distribution flatter than
t−1.
We have also investigated the effect of observational uncertain-
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ties on the cosmic SFR and on metallicity evolution. RBNS(z) is not
significantly affected by metallicity evolution (Fig. 8). In contrast,
the metallicity evolution has a tremendous impact on the merger
rate density of BBHs (Figure 8). RBBH(z) is inside the 90% credi-
ble interval inferred from gravitational wave detections only if the
metallicity spread σZ . 0.35.
In summary, the uncertainties on both cosmic metallicity and
binary evolution processes substantially affect the merger rate of
BBHs and BHNSs. As shown in previous work (e.g., Rodriguez
& Loeb 2018b; Santoliquido et al. 2020; Mapelli et al. 2020a),
dynamics in dense star clusters represents another important source
of uncertainty for the BBH merger rate.
In contrast, BNSs are not much affected by metallicity evo-
lution and are not dramatically influenced by dynamics either, be-
cause they are significantly less massive than BBHs (Ye et al. 2020;
Rastello et al. 2020; Santoliquido et al. 2020). UnlikeBHs, forwhich
the primordial BH formation channel has been proposed (Carr &
Hawking 1974; Carr et al. 2016), BNSs can originate only from
the death of massive stars. This set of lucky circumstances gives us
the opportunity to use the BNS merger rate to put constraints on
some extremely uncertain binary evolution processes, such as mass
transfer, common envelope and natal kicks.
Our results already point to an intriguing direction: only very
large values of αCE (≥ 3) can match the cosmic merger rate inferred
from the LVC and only for specific kick models (with vkick ∝ mej).
The growing sample of gravitational-wave detections will help us
deciphering this puzzle.
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